Abstract-The upcoming standards of wireless communications result in additional and more stringent requirements for antennas in mobile phones. In this paper, we present a frequencyreconfigurable antenna that could potentially be suited for future mobile devices. Frequency reconfigurability is achieved through a cluster of mutually coupled antenna elements that is excited with frequency-dependent weights using a multichannel transceiver. We report a mobile handset antenna cluster measuring 15 × 15 × 1.6 mm 3 that covers the frequency bands of 1.7-2.7, 3.3-4.5, and 5.475-6.425 GHz with an antenna efficiency better than 90%. The operation of the antenna cluster is experimentally verified by feeding all the antenna elements with proper weights using tailor-made power splitters that represent a multichannel transceiver with adjustable amplitude and phase in each branch. The results obtained with the feed networks suggest the feasibility of the reconfigurability concept and pave way for codesign of the antenna and the transceiver.
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I. INTRODUCTION

W
IRELESS communications have significantly improved during the past decades. With the upcoming fifth generation of mobile communications (5G), the capabilities of wireless networks are expected to increase even further. This is required, as the usage of mobile data has been steadily increasing each year and is expected to increase even further. The capacity of 5G networks is projected to increase 1000 times that of the currently used fourth generation (4G) networks to support the increase in wireless traffic [1] , [2] . It is generally thought that this increase in capacity could be obtained using a combination of three different approaches: increased spectrum availability, multiple-input multiple-output (MIMO) techniques, and base station densification [3] .
In wireless communications, the antenna is a critical component. It is responsible for transmitting and receiving the electromagnetic waves used in the communications. Of the three aforementioned approaches, two approaches apply directly to antenna design. If more spectrum is available for the communications, the antenna should also be able to cover that spectrum. The authors are with the Department of Electronics and Nanoengineering, School of Electrical Engineering, Aalto University, 00076 Espoo, Finland (e-mail: jari-matti.hannula@aalto.fi).
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However, for taking advantage of MIMO, several antennas need to be installed in a device. This further limits the available volume for each antenna and causes additional challenges in the form of mutual coupling and correlation between the antennas. Traditionally, the device would only transmit or receive on one channel. However, with 5G and later releases of 4G, the use of carrier aggregation (CA) has been proposed. In CA, the device can transmit or receive on several channels simultaneously for increased data rate. The used channels can exist within the same frequency band (intraband CA) or in separate bands (interband CA). This makes frequency tuning more challenging, as the antenna would have to be tuned to several frequencies at the same time.
It is well known that the electrical size of an antenna has an effect on the obtainable bandwidth and efficiency [4] - [6] . On a mobile device, the space available for an antenna can be very small, making it very difficult to efficiently cover all the required frequency bands. One approach to solve these limitations is frequency tunability. This can be done in mobile communications because the frequency bands used are divided into various channels. Instead of covering all the channels simultaneously, the antenna can be tuned to a specific channel, thus relaxing the bandwidth requirements of the antenna. Approaches for antenna tuning include tunable matching components [7] - [9] , switching between multiple matching circuit networks [10] , or using, e.g., p-i-n diodes [11] , [12] or FET switches [13] to modify the currents in the antenna. The last option is also known as aperture tuning. The problem with these existing tuning methods is that the tuning is relatively narrowband or the tuning network is very lossy. These methods are also not usable with CA because they do not enable independently tunable, simultaneous bands. Alternative methods would, therefore, be needed.
We presented a theoretical study of a novel approach for obtaining frequency tunability in [14] . Frequency reconfigurability is obtained through a cluster of mutually coupled antenna elements that are excited with frequency-specific weights using a multichannel transceiver. The study was performed on a monopole antenna array and it showed very promising results. Although this approach has shown great promise for frequency reconfigurability, it has not yet been experimentally verified nor demonstrated with a mobile phone compliant antenna. Other published studies related to this topic include a patent on tunable multifeed antennas [15] and several studies on eigenefficies of antenna arrays [16] - [18] , which we have used to formulate our theory.
In this paper, we apply the aforementioned concept to a mobile antenna design for studying the feasibility of this concept for future wireless communications. Unlike in [14] , we also measure the relevant antenna parameters to validate the operation of our simulated antenna design and to prove the feasibility of this approach to frequency tuning. The full implementation of the concept would require further development in an integrated circuit (IC) transmitter or receiver. Therefore, we design two fixed RF phase and amplitude splitter networks to demonstrate how the operating frequency of the antenna can be changed by altering the excitation signal. While they do not fully replicate the behavior of a tunable integrated transmitter, they enable us to demonstrate the frequency reconfigurability of the antenna. Further, IC design is needed to fully realize the concept.
II. BACKGROUND
A. Specifications
The purpose of this research was to design an antenna for the upcoming fifth generation of wireless communications. While the specifications of 5G are yet to be determined, we can assume the antenna to be required to operate within several frequency bands, including those already used in the existing communications systems. Some spectrum from the C-band has already been allocated to mobile broadband in the World Radiocommunication Conference [19] , and there could possibly be further allocations in the sub-6-GHz frequencies. For this paper, we have, therefore, selected the frequency bands to be 1.7-2.7, 3.3-4.5, and 5.475-6.425 GHz.
The focus is on the fast data rate transmissions in an urban environment, so the traditional low band below 1 GHz is not included in this paper. Of course, a typical handset should also include the low band. However, including the low band would inherently affect the antenna design, due to the larger size required for the antenna. In addition to covering the low band, there is also the trend of including multiple antennas in the device, to take advantage of the high data rates enabled by, e.g., 8 × 8 MIMO in the 3.5-GHz band. There are several examples of high-order MIMO implemented at the higher frequency long-term evolution (LTE) bands [20] - [23] . These antennas are, of course, unable to cover the low band due to their small size. As such, there are two different, and in many cases opposite, design goals for mobile antennas.
At this point of the research, the antenna proposed in this paper is somewhat of a compromise between the two cases, with two rather clear future design directions. First, how to make the antenna cover and the low band, and second, how to efficiently cover the higher frequency bands with minimal antenna footprint. Thus, the eventual design goal could be a device with main/diversity antennas covering the low band, and several data antennas with the low band excluded. This design strategy would be similar to the one presented in [23] .
In this paper, the size of the device is of the order of 136 × 68 × 6 mm 3 , which is similar to that of current smartphones. The antenna should be fit within this volume and the antenna element itself should fit to a volume of 15 × 15 × 6 mm 3 . For efficient performance, a reflection coefficient < −10 dB is set as the design goal in the operating bands.
In addition, CA is to be supported in both interband and intraband. This requires the antenna to be independently tunable in the different frequency bands. Fig. 1 shows these specifications. Independent tunability is rather difficult to achieve. Previously shown solutions do not provide this kind of performance. Therefore, we design the antenna using the theory derived in [14] . In this approach, the antenna cluster is fed using multiple differently weighted feed ports. This approach is explained further in Section II-B.
B. Principle of Operation
In [14] , we presented a concept for obtaining frequency reconfigurable operation by creating an antenna system consisting of several closely spaced antennas that are fed simultaneously. By combining the antennas in a varying manner, the operation of the antenna cluster can be changed. Based on the initial investigations performed in this paper, the concept seemed to result in a very wideband tuning range. Thus, we feel that this approach is a suitable candidate for fulfilling the requirements for the antenna.
The concept necessitates that the scattering parameters of the multiport antenna are known. The N-port antenna can then be represented by a scattering matrix
where a is the incident wave vector, b is the reflected wave vector, and S i j are the scattering parameters of the antenna system. The antennas are closely spaced and mutually coupled, so the scattering matrix has strong factors in majority of its elements. Because the operation of antennas is frequency dependent, the scattering matrix varies with frequency. When the system is fed from multiple ports, the individual scattering parameters cannot be used to evaluate the reflection coefficient. The reflection coefficient for each port can be easily calculated from (1) when the system is fed with excitation a from multiple ports, as the ratio of backward and forward signals in the port. The reflection coefficient is
Thus, by weighting the excitations a i , the reflection coefficient at each port can be modified. However, instead of looking at each port separately, it is better to evaluate the performance of the entire antenna system. To do so, the total active reflection coefficient (TARC) can be defined as the square root of the ratio of the total reflected and incident power [24] 
where S is the scattering matrix and (·) H is the conjugate transpose. Similar to the individual reflection coefficients, the TARC depends on the relative phases and amplitudes of the excitations.
The antenna performance can also be evaluated by accepted power. Instead of TARC, we can thus characterize the performance using matching efficiency
or as a function of the excitations and the scattering matrix
where I is the identity matrix. The form of the above equation is a Rayleigh quotient
whose largest value is equal to the largest eigenvalue of M, assuming M is hermitian. This value is obtained when x is the eigenvector corresponding to that eigenvalue [16] . Therefore, the maximum obtainable matching efficiency for an antenna cluster with scattering matrix S is
Obtaining this efficiency requires that the system is properly excited. The optimal excitations a i can be directly obtained from calculating the eigenvalues of I − S H S and finding the corresponding eigenvector. This complex eigenvector gives directly the amplitude and phase required for the optimal excitation of the antenna. Matching efficiency is a good figure of merit for the reflected power. However, it does not consider whether the power is radiated or dissipated in the antenna structure. To ensure that the power is not lost in the antenna structure due to losses, we also evaluate the total efficiency of the antenna from the far-field for the each port separately, and then mathematically combine the radiation patterns to find the total efficiency that is obtainable with the weighted multiport excitation.
Although we use terminology related to transmission here, same principles apply to reception. Instead of weighting the excitations generated by the device, the task is to weigh the incoming signal in the receiver. Due to reciprocity, the antenna performance is the same in both cases. The differences will occur in the transceiver, as the operation of the transmitter and the receiver is different, e.g., in amplifier design (power amplifier or low-noise amplifier), and in the figure of merit. Transmission requires good efficiency whereas reception requires good signal-to-noise ratio.
C. Multiband Operation
The specifications state that the antenna should be able to operate simultaneously across three frequency bands, and each frequency band should be able to be tuned separately. In this section, we explain how this operation can be obtained using our method.
The frequency bands reserved for cellular systems are relatively broad and diverse. Nevertheless, the mobile device has traditionally used only one relatively narrow band at a time. This property has enabled tunable antennas capable of covering one narrow frequency range at a time. However, some new paradigms, such as CA use multiple bands simultaneously to increase the bandwidth and thus also the channel throughput. The simultaneous frequencies used by the CA can be in the same or different bands. Traditional reconfigurable antenna tuning solutions cannot be used because they can enable operation only at one frequency at a time. We expect the antenna solution presented in this paper and in [14] not to pose this limitation.
In principle, the multiband operation is achieved by splitting the transmitted (or received) signal into distinct frequency components. These frequency components are then treated as point frequencies and weighted separately such that matching is achieved at every frequency. The differently weighted frequency components are finally combined together and fed to antenna feed ports. The aforementioned procedure can be realized fully digitally or analogically or exploiting partly both. This is analogous to beam steering of an antenna array. The beam steering can be realized in digital domain or RF vector modulators can be used to manipulate the element weights. Fig. 2 illustrates the principle of the multiband operation. Each component carrier is weighted separately and the differently weighted carrier components are summed together and fed to antenna feed ports.
In this section, we have detailed the multiband operation from the antenna point of view. The complete implementation of this depends on the transceiver design. Details on the transceiver implementation are beyond the scope of this paper.
III. ANTENNA PROTOTYPE
A. Antenna Design
We design the antenna on a substrate with a standard thickness of 1.575 mm. The substrate has a dielectric permittivity of ε r = 2.33 and a loss tangent of tan δ = 0.0012. There is 15 mm of clearance in the ground plane for the antenna, at the end of the long edge of the ground plane. The dimensions and the overall design of the entire structure are shown in Fig. 3(a) .
Instead of considering any individual scattering parameter, the design goal is to maximize (7) across the design frequencies. The number of different variables contributing to (7) makes finding fundamental design rules challenging (ten different scattering parameters for a reciprocal 4-port). Thus, the antenna cluster design is rather experimental at this stage of the research. Nevertheless, some rules can be found. To begin the design process for an antenna using the proposed approach, one should start with the minimum operating frequency of the antenna. This minimum frequency should be adequately covered by one of the elements. This is the element numbered 1 as depicted in Fig. 4 . To limit the volume taken by the antenna, it is folded several times. This will somewhat reduce the radiation resistance of the antenna and deteriorate the matching. To extend the bandwidth of the antenna system, a second element with a slightly higher resonant frequency is placed within the volume defined by the largest antenna element. Because the two elements have close resonant frequencies, they couple power to each other. This coupling can then be used to cancel the reflected waves in both ports, thus reducing the total reflected power.
The design process is then continued by placing smaller elements within the volume defined by the largest element. A good initial guess for their resonant frequencies is to find a frequency where the cluster performance begins to deteriorate, and then extend the bandwidth with the new element. Once all elements are in place, the lengths of the elements are then adjusted to fine-tune the resonant frequencies. The feed placement and the location of the 90-degree turn in the elements are used to further tune the system by adjusting the coupling, which should not be too large as not to destroy the performance nor too small to prevent the reflection cancellation. In addition to the magnitude of the coupling, the phase of the coupling coefficient is also important. Earlier investigations on the antenna cluster concept can be found in [14] and [25] .
The dimensions of the proposed antenna are shown in Fig. 4 , and the corresponding simulated scattering parameters are shown in Fig. 5 . TARC is calculated from the scattering parameters using (7). The corresponding eigenvectors for the calculated TARC are depicted in Fig. 6 . The amplitude values are normalized in a way that the total power fed from the ports equals 0 dB. The absolute values of the phases can be arbitrary, as long as the phase differences between the ports remain the same. In this figure, the phase of the fourth port has been set as the reference. Elements 1 and 3 are used to cover the lowest operating band, and their multiresonant behavior also produces resonances around the high band. Element 4 is used to mainly cover the band between the resonances of the first two elements. Finally, element 2 is added to further tune the behavior of the antenna cluster to better cover the desired frequency bands. Fig. 5 illustrates the strength of the concept. Looking at, e.g., the lowest frequency band, the scattering parameters S 11 and S 33 are above −8 dB, and the coupling between those ports is of the order of −6 dB. Yet the total reflected power in the cluster is in the order of −10 to −20 dB, illustrating how the antenna elements work in unison to improve performance. Fig. 6(a) shows that not all ports need to be able to output the same maximum power. This is something to consider in the amplifier design, e.g., some of the antennas could be driven with smaller amplifiers, which could help with the reduction in efficiency due to operating the amplifier with a lower output power [26] . For example, in this design, the second antenna is more of a supporting element, as it is not fed the largest signal at any frequency. Once the limitations of the transceiver with this concept are better known, they are expected to impose limitations and requirements on the antenna design.
Related to the complexity of the transceiver, in our earlier works [14] , [25] and also in this paper, the number of antenna elements has been four. Four antenna elements result in increased degrees of freedom in the optimization of the excitation and thus enable the antenna cluster to operate across a very wide frequency band. This, of course, results in increased transceiver complexity. Further, antenna design could reduce the number of required antenna elements. This could also be done by targeting narrower frequency bands, as opposed to the more continuous tuning targeted in this phase of the research.
The design does not fully use the available 6 mm in the vertical direction. For ease of fabrication, we did not consider 3-D antenna structures, but instead only planar antenna geometries printed directly on the substrate. We take some advantage of the vertical space available by placing the antennas on two different layers but further designs should utilize the volume more effectively. By extending the antenna to the third dimension, the footprint of the antenna, and therefore the clearance required, could be reduced. The benefits of 3-D antenna elements are something to be investigated in the future studies. The antennas could be designed somewhat similarly as in [27] , where the antenna is wrapped around a block of substrate.
The proposed antenna has been designed for operation in free space. When designing handset antennas, it is also important to consider the user effect. The question here is that how does the method work in the presence of the user, when the hand or head of the user is in the near field of the antennas. This is something that must be investigated in the future.
B. Manufactured Prototype
We manufactured a prototype based on our simulated design. The prototype is manufactured on a TLY-3 substrate by Taconic. Initially, the feeding was intended to be done with microcoaxial connectors, but the cables introduced losses and uncertainty to the measurements. The feeding was, therefore, implemented with semirigid coaxial cables that were soldered directly to the antennas. The manufactured prototype is depicted in Figs. 3(b) and 4.
IV. EXPERIMENTS
A. Scattering Parameters and Efficiency
We characterize the prototype by measuring the typical single-excitation parameters, the 4-port scattering parameters and the efficiencies of each port. We also calculate TARC for the entire system based on the scattering matrix using (3). These results are shown in Fig. 7 . The resonances are shifted to lower frequencies, especially those of the shortest antenna elements. Nevertheless, the TARC performance is quite similar.
The far-field properties and the efficiency of the antenna are measured using the SATIMO Stargate 64 measurement system. We can only measure up to 6 GHz due to the limitations of the measurement system. The single-port efficiencies are directly calculated by the measurement system, after calibrating it with a reference horn antenna. These efficiencies are shown in Fig. 8 . The results agree mostly with the simulations, with the differences being expected from the scattering parameter measurements shown in Fig. 7 .
The efficiency of the simultaneous excitation can be estimated from the weighted sum of the individually measured fields. We obtain the efficiency by measuring the radiation intensity U (θ, φ) at each measurement angle [28] 
where B 0 is a constant obtained from the calibration of the measurement system and E θ and E φ are the θ and φ components of the electric fields. These can then be summed to obtain the total radiated power P rad . The total efficiency η tot is found by comparing the radiated power to the available power P avail
where the available power P avail has been included in the B 0 via the calibration. The weights for calculating the efficiency of the simultaneous excitation are obtained from the scattering parameters. We sum both components of the electric fields of each antenna element after weighting them with the weighting coefficient a i
The resulting field is then used to calculate the efficiency from (9) . To ensure that the efficiency calculation is still valid, the weights are normalized in a way to keep the input power the same as in the single-excitation case, that is
This calculation is also performed for the simulated electric fields. The results are shown in Fig. 8 . The measured efficiencies agree well with the simulated efficiencies. The result shows that the efficiency obtained with the properly weighted multiport excitation is higher than the efficiency in any of the single-excitation cases.
Because the individual antenna elements do not have identical radiation patterns, weighting them modifies the resulting radiation pattern somewhat. To illustrate this effect, Fig. 9 shows the E-field patterns in the azimuth plane of the prototype. The patterns are shown for 2 and 4.3 GHz, with both simulated and measured results. The port numbering follows the same color scheme as in earlier figures, with the black curves representing the weighted superposition of the individual antenna patterns. The superposition is obtained from (10) , (11) with the condition specified in (12) . The results show that the radiation pattern is not significantly altered. The combined pattern is also stronger in all cases, as expected due to the increase in efficiency depicted in Fig. 8 . Similar results can be obtained for other planes. Note that the pattern of the second antenna port is not shown at 2 GHz because it is an Fig. 9 . Total E-field patterns for the simultaneous excitation (black curve) and for the individual elements. order of magnitude lower than the other ports, and does not meaningfully contribute to the result at 2 GHz.
B. Simultaneous Excitation
So far, we have estimated the performance of our antenna concept mathematically. However, to demonstrate actual operation of our concept, we would need to feed all the antennas simultaneously.While the final implementation of our concept would use variable-gain power amplifiers and phase shifting implemented on the transceiver chip itself, there is no such chip available at this time. The concept presented here will require dedicated IC design to implement. As a proof-ofconcept, and to encourage the research of the IC, we manufactured two power divider networks. These networks are used to generate the correct weights at a specific frequency. Although they operate at a fixed frequency, they nevertheless show how the antenna can be made to operate at different frequencies. The limitations of the ICs will differ from those of the power divider networks, and as such, the results presented in this paper can only be used to evaluate the antenna performance. Further research is needed to quantify the overall performance of the system. Table I lists the optimal weight coefficients at two different frequencies, obtained from the results depicted in Fig. 6 . Two designs were made, one for 2 GHz and another for 4.3 GHz. Simulated active reflection coefficients for the two excitations specified in Table I . The individual port reflection coefficients for these two cases, calculated from (2), are shown in Fig. 10 . By comparing with Fig. 7 , it can be seen that at the optimization frequency the individual port reflections all equal the TARC. It should be noted that because the reflection coefficient also includes power fed from the other ports, it can be larger than one. This occurs when the power coupled from the other ports is larger than the power fed to the port. However, it should be noted that a large reflection coefficient does not necessarily result in high reflected power. If the input signal a i is small, then the absolute power reflected will also be small despite the large reflection coefficient.
The frequencies were chosen based on the feasibility of the microstrip implementation. Fig. 11 illustrates the final feed network prototypes. The multiport power dividers were designed by combining multiple dividers together. Wilkinson power dividers were used when possible and hybrid couplers were used to obtain power division ratios that were not realizable using Wilkinson dividers.
These components are theoretically lossless (when acting as dividers), so they enable us to obtain a high total efficiency for the antenna and the feed network. The phase shifts are obtained by varying the microstrip line lengths in the designs. The 2-GHz design lacks the second antenna port, because at that frequency the power fed to that antenna element is insignificantly small. The second antenna element is instead terminated with a matched 50-load.
Because the power dividers are lossy in the reverse direction, measuring the reflection coefficient from the input port is not relevant. To obtain relevant results, we must measure the efficiency from the far-field. We measured the antenna with the simultaneous excitation using the same measurement setup as with the single-port measurements. Fig. 12 depicts the measurement setup. Due to the difficulties in the feed cable placement, the feed network had to be placed between the antenna and some of the probes of the Stargate. Fig. 13(a) shows that we can obtain an efficiency of −0.85 dB with the 2-GHz divider, and with the other divider we obtain an efficiency of −0.93 dB at 4.3 GHz, as illustrated in Fig. 13 . Simulated results are shown for comparison. The simulation result is obtained by combining the simulated scattering parameters of the antenna and feed network in the circuit simulator of CST Design Studio. The expected antenna efficiency based on the results depicted in Fig. 8 would have been −0.4 and −1.5 dB at 2 and 4.3 GHz, respectively. However, the measured dividers have an insertion loss of 0.5 and 0.6 dB at the respective operating frequencies. The discrepancy between the measured and simulated results is explained by the manufactured 4.3-GHz divider having roughly a 0.4-dB additional loss at the operating frequency when compared to the simulation result. Nevertheless, the results illustrate how the antenna changes the operation frequency based on the feed weighting.
The results presented here assume that the transceiver can feed the antennas optimally without a loss in performance. However, that is not the case in practice. For example, it is well known that the drawing less than maximal amplitude from a power amplifier will reduce its efficiency [26] . Nevertheless, the highly efficient antenna performance suggests that it is feasible to go forward with the transceiver design. Further research must be conducted to realize the concept and to produce quantitative results on the overall performance of the system.
V. CONCLUSION
In this paper, we obtained several important results. We proved the operation of the cluster antenna by measurement and we demonstrated that a mobile form factor is possible. We showed additional measurement results for the frequency reconfigurable antenna. The reported efficiency is directly measured from the power radiated to the far-field and the power fed to the input port of the feed network. Therefore, there are no theoretical hypotheses or assumptions in these results, thus showing that the antenna can indeed be made to operate efficiently at different frequencies by weighting the input signals to the antenna.
From the antenna point of view, the concept functions well. The antenna design presented here is still rather preliminary, so there likely is still room for optimization. Each antenna element adds size and complexity to the transceiver, therefore being able to realize the concept with a fewer antenna elements would be preferable. It is also quite relevant to investigate how efficiently the concept can be realized in the low band, i.e., below 1 GHz, where the tuning would be even more favorable.
Our power dividers were fixed to a specific frequency and were rather large structures. As such, they were only used to prove the concept. The next task is to fully realize the concept, i.e., to design the IC transceiver. So far it has become apparent that the nonidealities of the transceiver reduce the effectiveness of this approach. The weighting coefficients needed to obtain an optimally efficient antenna might not be efficient from the transceiver point of view. Therefore, we need to investigate further how the antenna and the transceiver operate together.
